The X-ray structures of imidazolylcobalamin (ImCbl) and histidinylcobalamin (HisCbl) are reported. These structures are of interest given that the recent structures of human and bovine transcobalamin prepared in their holo forms from aquacobalamin show a histidine residue of the metalloprotein bound at the -axial site of the cobalamin 
Introduction
Imidazole-based ligands frequently directly coordinate, via the lone pair of electrons of the basic imidazole N atom, to metalloprotein metal centers, including Fe, Cu, and Zn.
1 The Co-containing B 12 cofactors known as cobalamins (Cbls; Figure 1 ) are comprised of a Co center coordinated at the equatorial sites by a macrocyclic tetrapyrrole ligand; the corrin ring. A nucleotide side chain extends from C17 of ring D of the corrin and terminates with a R-5,6-dimethylbenzimidazole moiety (R-DMB). R-DMB can either coordinate via the imidazole N atom to the lower (R)-axial site of the Cbl ("base-on" conformation; Figure 1 ) or remain uncoordinated ("base-off" conformation). In cob(III)alamins, various ligands can occupy the -axial site, including methyl and 5′-deoxyadenosyl moieties. Methylcobalamin (MeCbl) and adenosylcobalamin (AdoCbl) are essential cofactors for the methionine synthase (MS) and methylmalonyl-CoA mutase (MCM) enzyme reactions in humans, respectively. [2] [3] [4] In 1990, using 15 N-labeling and EPR spectroscopy, it was discovered that during the MeCbl-dependent MS reaction, R-DMB is displaced by a histidine (His) imidazole group from a side chain of the metalloenzyme, the so-called "baseoff/His-on" conformation. 5 It is now known that this conformation occurs in several Cbl-dependent enzymes, including MCM and glutamate mutase, 6-12 all of which have the conserved sequence DXHXXG. 13 Mutagenesis studies show that substitution of His with another amino acid leads to enzyme inactivation for MS (His f Gly) 14 and for MCM (His f Ala or Asn). 15 For glutumate mutase, substituting His with Gly or Gln results in a significant decrease in enzyme turnover and a change in the rate-limiting step.
14 Interestingly, several Cbl-dependent enzymes (class II AdoCbldependent enzymes) remain instead in the base-on conformation during catalysis (ribonucleotide reductase, 16 diol dehydratase, 17, 18 and ethanolamine ammonia lyase 19 ), and it is unclear what catalytic advantage(s) result from His displacement of R-DMB. 14, 15 Recently, it was shown that the rate of Co-C bond homolysis for 5′-deoxyadenosylimidazolylcobamide, in which the R-DMB of AdoCbl is replaced by imidazole, is only 4.3 times slower than that for AdoCbl (37°C). 20 Model studies and theoretical calculations also show that displacement of R-DMB trans to an alkyl ligand by imidazole-type ligands does not significantly increase the rate of homolytic cleavage or decrease the bond strength of the Co-C bond. [21] [22] [23] [24] Furthermore, although initial X-ray diffraction results suggested that the Co-N(Im) bond is abnormally long for some B 12 -dependent enzymes (2.5 Å for MCM 7 and 2.3 Å for glutamate mutase 10 ), the structures may actually represent Co in mixed-ligand and oxidation states(Co III andCo II ),duetoX-ray-inducedphotoreduction. 10, [25] [26] [27] In protein-free Cbls, R-DMB is difficult to displace from the R-axial site but can be displaced by cyanide, 28 by imidazole-type ligands, 29, 30 and by protonation of the basic N of the imidazole moiety. 31 In comparison, substitution of the -axial ligand of aquacobalamin (H 2 OCbl + , X ) OH 2 ; Figure 1 ) is rapid and thermodynamically favorable for many ligands, 32 TC are currently being explored as markers of B 12 deficiency. [42] [43] [44] [45] [46] [47] The first crystal structures of a B 12 transporter protein, histidinylcobalamin-bound TC from recombinant human and bovine TC, prepared in its holo form using H 2 OCbl + , were recently reported. 48, 49 In these structures, substitution of the -axial H 2 O ligand by a His side chain of the metalloprotein is clearly observed. During the structural refinements, it was necessary to confine the -axial Co-N(His) bond to 2.15 Å. Furthermore, a reliable estimate of the R-axial Co-N(DMB) bond length was not possible, due to the existence of mixed Co oxidation states (Co III and Co II ) in the crystal, probably as a consequence of Cbl III reduction by the X-ray beam. 27 In this paper we report the first structures of free Cbls bound at the -axial site to an imidazole ligand: specifically, we report the crystal structures of imidazolylcobalamin and histidinylcobalamin.
Experimental Section
General Procedures and Chemicals. Hydroxycobalamin hydrochloride (HOCbl‚HCl; stated purity by manufacturer is g96%; aromatic region of the 1 H NMR spectrum shows that it contains at least ∼6% impurities 50 ) was purchased from Fluka BioChemica. Imidazole (99%) and L-His (98%) were purchased from Acros Organics. All chemicals were used without further purification. Water was purified using a Barnstead Nanopure Diamond water purification system, and/or HPLC-grade water was used.
UV-vis spectra were recorded on a Cary 5000 spectrophotometer equipped with a thermostatted cell holder, operating with WinUV Bio software (version 3.00). 1 H NMR spectra were recorded on a Varian Inova 500 MHz spectrometer equipped with a 5 mm thermostatted (22.0 ( 0.5°C) probe. Solutions were prepared in D 2 O, and TSP (3-(trimethylsilyl)propionic-2,2,3,3-d 4 acid, Na + salt), was used as an internal reference.
pH measurements were made at room temperature with a Corning model 445 pH meter equipped with a Mettler-Toledo Inlab 423 electrode. The electrode was filled with a 3 M KCl/saturated AgCl solution, pH 7.00, and standardized with standard BDH buffer solutions at pH 4.00 and 7.00.
Synthesis of Imidazolylcobalamin (ImCbl). Imidazole (5.7 mg, 1.3 equiv) was added to HOCbl‚HCl (100 mg) dissolved in TES buffer (1.0 mL, 0.10 M, pH 7.4), and the mixture reacted for 2 h at room temperature. The product was precipitated by the addition of cold (-20°C) acetone, vacuum-filtered, and dried overnight under vacuum at 60°C. 1 H NMR in D 2 O, pD 8.80 (δ, ppm): 5.95, 6.20, 6.34 (d), 6.72, 6.80, 6.93, 7.08, and 7.27; ∼95% purity (see Figure S1 in the Supporting Information). 50 The percentage of nonCbl impurities determined by converting the products to dicyanocobalamin, (CN) 2 Cbl -(0.10 M KCN, pH 10.0, 368 ) 3.04 × 10 4 M -1 cm -1 ), 51 X-ray Diffraction Studies. Crystals of ImCbl were grown from water. Briefly, HOCbl‚HCl (8.85 mg) and imidazole (4.00 mg) were dissolved in water (0.50 mL), NaClO 4 (1.50 mg) was added, and the pH was adjusted to ∼7.5 using concentrated HClO 4 . The sample was kept at room temperature, and crystals appeared after ∼24 h. A crystal specimen was mounted in a glass capillary, and diffraction data were collected at room temperature on a modified Stoe fourcircle diffractometer using Mo KR radiation (λ ) 0.71073 Å).
Crystals of HisCbl were grown by adding a solution of histidine (0.20 mL, ∼100 mg/mL, pH ) 7.5) to an aqueous solution of HOCbl‚HCl (0.10 mL, 100 mg/mL, pH ) 7.4). The sample was kept at room temperature, in a closed-cap vial, and crystals appeared after about 32 h. X-ray diffraction data for HisCbl were measured at 100 K (Oxford 700 series cryostream) on a Bruker AXS platform single-crystal X-ray diffractometer upgraded with an APEX II CCD detector. Graphite-monochromatized Mo KR radiation was used. Crystals were mounted on a thin glass fiber from a pool of Fluorolube and placed under a stream of nitrogen.
Both structures were solved by direct methods to yield the Co atoms plus most remaining atoms of the structure. Missing atoms (mostly in the solvent region) were located in subsequent electrondensity maps. Full-matrix least-squares refinement on F 2 was performed with the program SHELXL-97. 52 No absorption correction was applied to the data. Scattering factors, including real and imaginary dispersion corrections, were taken from the International Tables of Crystallography. H-atom positions were calculated and refined as "riding" on their respective non-H atom. The isotropic atomic displacement parameter (adp) for each H atom was set to 1.5 times the equivalent isotropic adp of the adjacent non-H atom. Crystallographic residuals at the close of the refinement are also given in Table 1 .
In ImCbl, the B 12 complex was very well defined except for the hydroxymethyl group of the ribose in the nucleotide loop, which was found to be disordered over two alternate conformations. The solvent electron density was modeled with 22 fully occupied and anisotropically refined H 2 O molecules.
In HisCbl, the Co-bound histidine is disordered over two alternate conformations. Discrete disorder was also observed for the amide side chains A and E and for the ribose hydroxymethyl group. The solvent comprises 20 (partially occupied) water molecules distributed over 27 sites and a half-occupied Cl ion.
The CCDC database (ImCbl, CCDC 627001; HisCbl, CCDC 627000) contains the supplementary crystallographic data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif by sending an e-mail to data_request@ccdc.cam.ac.uk or by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.; fax, +44 1223 336033.
Results and Discussion
Synthesis and Characterization of ImCbl and HisCbl. Synthesis of [ImCbl] Cl from aquacobalamin and imidazole was achieved in good purity and yield using a general procedure developed for the synthesis of non-alkylcobalamins. 53 Upon the addition of imidazole (or histidine) to aquacobalamin, a rapid color change from red to purple is observed.
[ImCbl]Cl was synthesized in 96% purity as assessed by a 1 H NMR spectrum of the product redissolved in buffer (see Figure S1 , Supporting Information) and in 90% yield. The percentage of non-cobalamin impurities was assessed by converting the products to dicyanocobalamin, (CN) 2 Cbl -(0.10 M KCN, pH 10.0, 368 ) 3.04 × 10 4 M -1 cm -1 ), 51 and was found to be 5 ( 1%. However, using a similar procedure to synthesize [HisCbl] Cl resulted in a product that was only ∼70% pure, as assessed by 1 H NMR spectroscopy, with the major impurity being L-His ( Figure  S2 , Supporting Information). Using a smaller equivalent of L-His resulted in incomplete conversion of aquacobalamin to histidinylcobalamin. Attempts to remove L-His from the product by column chromatography (C8-SPE or Varian HF Bond Elut C18 cartridges) were unsuccessful, with a mixture of aquacobalamin, L-His, and HisCbl observed in the final product ( 1 H NMR spectroscopy). Purification of the product using reverse-phase HPLC under acidic and neutral conditions was also unsuccessful, with aquacobalamin and HisCbl coeluting even at long (>20 min) retention times under isocratic conditions. This suggests that an exchange between the two species occurs on the column. 1 H NMR chemical shifts and assignments for the signals observed in the aromatic region for ImCbl + and HisCbl + are given in Table 2 (see Scheme 1 for the labeling scheme of the -axial ligand) and are similar to those previously observed for N-MeImCbl + . 29 Signal assignments were possible with the additional information provided by heteronuclear single-quantum coherence, heteronuclear multiplebond correlation, and heteronuclear multiple-quantumcoherence total-correlation spectroscopy experiments. The products were also characterized by electrospray mass spectrometry (see Experimental Section) and UV-vis spectroscopy ( Figure S3, Supporting Information) X-ray Structural Characterization of ImCbl and HisCbl. The three-dimensional structures of ImCbl and HisCbl were determined by X-ray crystallography. Crystal data and structural refinement parameters are given in Table 1 . ImCbl and HisCbl crystallize in the orthorhombic space group P2 1 2 1 2 1 , the most common space group observed for Cbl structures. 54, 55 Cbl structures can be classified into three to four packing types, based on the unit cell ratios b/a and [54] [55] [56] Both ImCbl and HisCbl fall into the range of cluster type II (for ImCbl, b/a and c/a ) 1.419 and 1.627, respectively; for HisCbl, b/a and c/a ) 1.428 and 1.619, respectively). 56 Both structures show the B 12 complex in its standard baseon form with imidazole and histidine as the -axial ligand (Figures 2 and 3) . The distances between Co and the imino N of the -ligands (see Scheme 1) are 1.94(1) Å (in ImCbl) and 1.951(7) Å (to N 2 in HisCbl). The Co-N bond distances to the lower R-DMB ligand are 2.01(1) and 1.979-(8) Å, respectively. Since the R-DMB is a weaker nucleophile, 57 in addition to being more sterically demanding, it is not surprising that the Co-N(Im) and Co-N(His) bond distances are shorter than those of the Co-N(R-DMB) in both structures. The Co-N(R-DMB) bond length of cobalamins can vary from 1.95 to 2.27 Å depending on the σ-donor strength of the ligand trans to Co-N(R-DMB); values of 2.01 and 1.98 Å fall within the range expected for weak σ-donor ligands such as imidazole and histidine. 55 In both structures, the Co atom lies in the least-squares plane through the four corrin nitrogen atoms (maximum deviation, 0.01 Å in HisCbl). The fold angles of the corrin rings are very similar in the two structures and were measured as 11.8(3)°and 12.0(3)°for ImCbl and HisCbl, respectively. The fold angles are smaller than those typically observed for cobalamin structures with relatively short Co-N(R-DMB) bond distances. 54 The imidazole rings of ImCbl and HisCbl are oriented along the line connecting atoms C5 and C15 of the corrin ring, bisecting the angles between N21 and N22 as well as those between N23 and N24. Both imidazole rings in each Cbl structure are aligned with the lower R-DMB ligand.
An ambiguity exists with respect to the orientation of the imidazole in ImCbl. Two different orientations related by a 180°rotation about the Co-N bond were tested in the refinement and yielded R 1 values of 0.0811 and 0.0816, respectively. The rotation about the Co-N bond interchanges two pairs of atoms of the imidazole ring (C2 and C5; N3 and C4). Because of the interchange between a nitrogen and a carbon atom, the correct orientation of the imidazole ligand should be detectable from refined adp's. These values were 0.083(4) and 0.072(4) (conformation 1) vs 0.089(4) and 0.066(4) (conformation 2). Thus, conformation 1 fits the data better, but the difference in the R value and the dissymmetry of the adp's are not large enough to rule out the presence of two alternate conformations of the imidazole. Therefore, the -ligand in ImCbl was finally modeled by two alternate conformations with refined occupancies of 0.64 and 0.36 ( Figure 2) .
In principle, the -ligand in ImCbl can be either a neutral imidazole or an anionic imidazolate. The compound itself was crystallized at neutral pH. Since the pK a of Cbl bound imidazole is ∼10, 30, 36, 58, 59 only a very minor fraction is present as imidazolate in solution under these conditions. The current version of the Cambridge Structural Database (version 5.27, Nov 2005) holds 46 entries with the term "cobalamin" in the compound name. In most of these entries, the Cbl complexes are overall neutral in charge. There are only five examples of nonneutral Cbls in the database: ammonium sulfitocobalamin (refcodes: DEMSIX and NOJKIG), 55, 60 sodium thiosulfatocobalamin (EJADIC), 61 thioureacobalamin chloride (DEMTUK), 55, 60 thioureacobalamin hexafluorophosphate (NOJNOP), 55, 60 and aquocobalamin perchlorate (SUNYEF). 62 In the present crystal structure of ImCbl, there is no indication of a counteranion, which would be expected to be Cl -or ClO 4
-(see method of synthesis). Of course, the occurrence of hydroxide at one of the modeled water sites cannot be ruled out, but it is also conceivable that the minor fraction of imidazolatocobalamin present in solution preferentially crystallized.
In HisCbl, the histidine ligand is clearly disordered over two approximately equally occupied (0.54 vs 0.46) alternate conformations related by a 180°rotation around the Co-N bond (Figure 3) . With respect to the protonation state of the -ligand, it is assumed that the amino group is protonated and the carboxyl group is deprotonated. The difference electron density close to the carboxylate of one of the alternate histidine conformers was modeled as a chloride ion with ∼50% occupancy indicating the presence of a mixture of histidine ligands with neutral and anionic imidazole moieties.
For ImCbl, the Co-bound imidazole does not form any direct interactions with symmetry-equivalent B 12 molecules. Two weak H bonds exist between N3 (of the major component) and two water molecules with heavy-atom distances of 3.3 and 3.5 Å. In HisCbl, most of the interactions of the -ligand are formed with water molecules. Only one H bond exists between one of the carboxylate O atoms and the amide N of side chain d of a symmetry-equivalent B 12 molecule.
Recently, the structures of human and bovine TC were determined and revealed a histidine residue from the protein as the upper ( )-axial ligand of the cobalamin. Of the available TC structures, the monoclinic and triclinic forms of the bovine proteins (PDB entries, 2BBC and 2BB6) are the most accurate, and Figure 4 shows a superposition of a TC-bound Cbl (taken from PDB entry 2BB6) and our HisCbl structure. The orientation of the imidazole with respect to the corrin ring is the same in the bound protein and in the isolated cofactor. The Co-N distances to the -axial His ligand were restrained to 2.1 Å (with an estimated standard deviation of 0.03 Å) during the refinement of the protein structures. The resulting mean distance (averaged over five crystallographically independent molecules of bovine TC) was 2.13(2) Å, significantly longer than the bond distances observed in ImCbl and HisCbl (1.94(1) and 1.951(7) Å, respectively). The distance to the R-DMB is also longer (2.08 Å) in the protein structure compared with our structures of the isolated Cbls (2.01(1) Å and 1.979(8) Å, respectively). The fold-angle of TC-bound B 12 is 9(1)°(average value for five independent Cbl moieties present in the two structures of bovine TC), which is slightly smaller than that found for ImCbl and HisCbl (11.8(3)°and 12.0(3)°for ImCbl and HisCbl, respectively). Minor differences are also observed for the conformations of the nucleotide loop and of some amide side chains.
Of the three known B 12 transporter proteins (haptocorrin, intrinsic factor, and TC), displacement of the -axial ligand of protein-bound H 2 OCbl + by a side-chain residue from the protein only occurs for TC. 40 Furthermore, there is no evidence for -axial ligand substitution for other Cbl derivatives upon binding to TC. 39, 40 The biological significance of this reaction, if any, is currently unclear. Replacing the -axial ligand of H 2 OCbl + limits the possibility of otherwise rapid -axial ligand substitution chemistry, which occurs for H 2 OCbl + with a wide range of nucleophiles, regardless of whether H 2 OCbl + is free or protein-bound. 39, 40 It has also been suggested that the resulting conformational change of the protein from an open form (with respect to the -axial site of the Cbl) to a closed form, which occurs upon substitution of the -axial H 2 O of TC-bound H 2 OCbl + for a histidine side chain, may be important in B 12 trafficking and/or provide a mechanism by which extracellular surface TC receptors can distinguish between the various Cbl forms of holo-TC. 39 
